The layered van der Waals antiferromagnet MnBi2Te4 has been predicted to combine the band ordering of archetypical topological insulators like Bi2Te3 with the magnetism of Mn, making this material a viable candidate for the realization of various magnetic topological states. We have systematically investigated the surface electronic structure of MnBi2Te4(0001) single crystals by use of spin-and angle-resolved photoelectron spectroscopy (ARPES) experiments. In line with theoretical predictions, the results reveal a surface state in the bulk band gap and they provide evidence for the influence of exchange interaction and spin-orbit coupling on the surface electronic structure.
(Dated: September 12, 2019) The layered van der Waals antiferromagnet MnBi2Te4 has been predicted to combine the band ordering of archetypical topological insulators like Bi2Te3 with the magnetism of Mn, making this material a viable candidate for the realization of various magnetic topological states. We have systematically investigated the surface electronic structure of MnBi2Te4(0001) single crystals by use of spin-and angle-resolved photoelectron spectroscopy (ARPES) experiments. In line with theoretical predictions, the results reveal a surface state in the bulk band gap and they provide evidence for the influence of exchange interaction and spin-orbit coupling on the surface electronic structure.
The hallmark of a topological insulator is a single spinpolarized Dirac cone at the surface which is protected by time reversal-symmetry and originates from a band inversion in the bulk [1, 2] . Notably, breaking time-reversal symmetry by magnetic order does not necessarily destroy the non-trivial topology but instead may drive the system into another topological phase. One example is the quantum anomalous Hall (QAH) state that has been observed in magnetically doped topological insulators [3] . The QAH state, in turn, may form the basis for yet more exotic electronic states, such as axion insulators [4, 5] and chiral Majorana fermions [6] . Another example is the antiferromagnetic topological insulator state which is protected by a combination of time-reversal and lattice translational symmetries [7] .
Magnetic order in a topological insulator has mainly been achieved by doping with 3d impurities [3, 8] , which however inevitably gives rise to increased disorder. By contrast, the layered van der Waals material MnBi 2 Te 4 [9, 10] has recently been proposed to realize an intrinsic magnetic topological insulator [11] [12] [13] [14] , i.e. a compound that features magnetic order and a topologically non-trivial bulk band structure at the The excitation energy dependent evolution of bulk conduction (BCB) and valence band (BVB) states can be seen as well as the states S1 and S2 with two-dimensional character. All data sets were taken at T = 10 K. (e) ARPES data set taken at T = 80 K and hv = 21 eV. (h) Energy distribution curves (EDC) at theΓ−point and hv = 20 − 28 eV. Markers trace the energy positions of the features BVB, S1 and S2. The dashed line indicates a weak shoulder at the low-binding-energy-side of the BVB peak. same time. MnBi 2 Te 4 is isostructural to the known topological insulators GeBi 2 Te 4 [15] [16] [17] and PbBi 2 Te 4 [19] , but the substitution of Ge or Pb by Mn introduces local magnetic moments which order antiferromagnetically below ∼24 K [11, [20] [21] [22] . The resulting interplay of magnetic order and topology in a single compound has been proposed as a promising platform for the realization of a variety of magnetic topological states [11] [12] [13] [14] [23] [24] [25] [26] [27] . First-principles calculations predict the presence of a single massive Dirac fermion on the MnBi 2 Te 4 (0001) surface in the presence of antiferromagnetic order [11] [12] [13] . Although, angle-resolved photoemission experiments for this surface have been reported recently [11, 14, 21, 28] , a comprehensive understanding of its electronic structure is still lacking.
In this work we present a systematic investigation of the MnBi 2 Te 4 (0001) surface. Employing angle-resolved photoelectron spectroscopy (ARPES) we observe a surface state in the bulk band gap in agreement with theoretical predictions [11] [12] [13] . Temperature-dependent ARPES measurements and resonant photoemission at the Mn L-edge are used to address the influence of the magnetic-exchange-split Mn 3d on the electronic structure. By use of spin-resolved ARPES we observe a Rashba-type spin texture in the surface electronic structure, evidencing a strong impact of spin-orbit interaction on the electronic states at the surface. [29] , which also includes references to [30] [31] [32] ] and Merlin [ Fig. 2 (c)] endstations of the Advanced Light Source (USA) with energy resolutions of < 10 meV and < 20 meV, respectively. Spin-resolved ARPES measurements were performed at the APE beamline of the Elettra synchrotron by use of a Scienta DA30 hemispherical analyser combined with a spin polarimeter based on very low-energy electron diffraction (Sherman function S = 0.3). Resonant soft X-ray photoemission data and Mn 2p core-level spectra were collected at the ASPHERE III endstation at beamline P04 of PETRA III (Germany) with an energy resolution of ca. 25 meV. Platelet-like MnBi 2 Te 4 single crystals were obtained via an optimized crystal-growth procedure and characterized by X-ray diffraction and energy-dispersive X-ray spectroscopy, as described in Ref. [20] .
MnBi 2 Te 4 crystallizes in a trigonal lattice (the ordered GeAs 2 Te 4 structure type) with septuple [Te-Bi-Te-Mn-Te-Bi-Te] layers stacked in the ABC fashion [9] . The septuple layers are separated by a van der Waals gap, as shown in Fig. 1(a) . Our X-ray single-crystal study confirms the structure motif plus a certain degree of Mn/Bi antisite intermixing in both cation positions [20] . Mn atoms are ordered in definite crystallographic sites in a periodic crystal lattice in contrast to doped topological insulators. Cleavage of single cyrstals exposes well-ordered (0001) surfaces suitable for surface sensitive experiments. From an inspection of the Mn 2p core-level line shapes in X-ray photoemission and absorption (XAS and XPS) in Fig. S1 and S2 we infer a 3d 5 configuration of the Mn ions (Mn 2+ ) [33, 34] . Magnetic susceptibility measurements of bulk MnBi 2 Te 4 imply an antiferromagnetic ground state below T N = 24 K [11, 20, 21] . Furthermore, they indicate an out-of-plane orientation of the magnetic moments with ferromagnetic intralayer coupling and antiferromagnetic interlayer coupling, as confirmed by neutron powder diffraction experiments [22] . This is in agreement with first-principles calculations [11, 13] and in line with our previous XMCD and XMLD measurements [11, 20] (the data are reproduced in Fig. S1 of the supplemental material [29] ). Figure 1 presents our ARPES data for MnBi 2 Te 4 (0001) near the Fermi level E F . Qualitatively, the electronic structure resembles the ones of the non-magnetic parent compound Bi 2 Te 3 (0001) [18] and of isostructural GeBi 2 Te 4 (0001) [15] [16] [17] , which are established topological insulators. However, for all used photon energies the spectra for MnBi 2 Te 4 (0001) show a gap at theΓ-point. Similar gaps were observed for the topological insulator Bi 2 Se 3 (0001) after dilute doping with magnetic Fe [8] and Mn [35] impurities. Previous first-principles calculations for for antiferromagnetic MnBi 2 Te 4 (0001) predict a gap in the surface electronic structure of ca. 50-100 meV [11] [12] [13] .
We now analyze the ARPES data in Fig. 1 in more detail. A weak k z dispersion is found for the main valence-band feature BVB indicating its bulk origin. This is also seen in the energy distribution curves (EDC) atΓ, shown in Fig. 1(h) . A closer inspection of the EDC suggests the presence of another valence-band-related feature, visible as a shoulder at the low binding energy side of the main BVB peak, which could be related to an additional state of surface origin. This interpretation is supported by the supplementary ARPES data set in Fig. S3 , where a linearly dispersive feature can be discerned at the top of the valence band. First-principles calculations indeed predict a superposition of bulk and surface states at the valence band maximum [11] . Close to the Fermi level we find another state with an apparent k z dependence, BCB, which we attribute to bulk conduction-band states. Its rather blurred spectral appearance has been observed similarly in n-doped topological insulators like Bi 2 Se 3 [36] and GeBi 2 Te 4 [17] . Furthermore, we observe the two states S1 and S2 whose spectral weight changes strongly with photon energy hν and, particularly for S2, also with binding energy. Within experimental uncertainty we find no significant variations in the dispersion of these states with hν in the studied energy range, in clear contrast to the states BVB and BCB. We therefore assign a 2D-like character to S1 and S2. The state S1 has a band minimum at -0.2 eV and the state S2 ca. 20 meV lower, as seen in the EDC in Fig. 1(i) . The dispersion of S2, furthermore, shows a characteristic change in slope at approximately -0.15 eV, where also its intensity in Fig. 1 (f)-(g) quickly varies with binding energy.
Overall, our measurements are in reasonable agreement with first-principles calculation of the (0001) surface of MnBi 2 Te 4 assuming ferromagnetic intralayer and antiferromagnetic interlayer coupling [11] [12] [13] , i.e. in accordance with the experimentally determined magnetic state [11, [20] [21] [22] . In particular, surface-projected calculations for a semi-infinite half space reveal the presence of two 2D states with electron-like dispersion with band minima at approximately -0.02 eV and 0.08 eV [12] . Taking into account the n-doping of our samples, these states appear to qualitatively match with the states S1 and S2 observed in Fig. 1 . By direct comparison to the calculations in Ref. [12] , we can thus relate the state S2 to the predicted gapped topological surface state (TSS). This TSS arises from the non-trivial Z 2 topology of MnBi 2 Te 4 in the antiferromagnetic state and the gap has been attributed to ferromagnetic intralayer ordering [11] [12] [13] . The state S1 may be viewed as a more bulk-like state with surface-resonance character. Starting approximately 0.15 eV above the band minimum of this S1 state, the calculation shows a continuum of bulk states in good agreement with the blurred feature BCB we observe experimentally [12] . Furthermore, ca. 0.17 eV below this state the calculation predicts the topmost valence band states which is again in reasonable agreement with our ARPES data in Fig. 1 .
The strong cross-section variations of S1 and S2 are also ev-idenced by very recently reported ARPES experiments performed at low excitation energies of ca. 6-7 eV [28, [37] [38] [39] .
Here the photoemission intensity behavior near theΓ point is considerably different from our data in Fig. 1 , and the spectral gap has even been interpreted as fully closed [37] . The latter has been attributed to a possible absence of magnetic order near the surface even significantly below T N [37] . We note that for the samples studied in the present work [20] and also for the closely related compound MnBi 4 Te 7 [40] our surfacesensitive XMLD and XMCD measurements provide no indication for a strong change of the magnetic state near the surface [see Fig. S1 ].
To study the influence of the antiferromagnetic order on the surface electronic structure we next consider temperaturedependent measurements. A comparison of the ARPES data for hν = 21 eV obtained at T = 10 K and 80 K in Figs. 1(h) does not indicate dramatic changes in band structure. However, an analysis of EDC at theΓ-point in Fig. 1(h) reveals a temperature-dependence for the state S1. We find that its linewidth increases from ∼40 meV (FWHM) at T = 40 K and 80 K to ∼60 meV at T = 10 K. We attribute the enhanced linewidth below T N to an exchange splitting of the state S1, which is in agreement with recent reports where this splitting into two subbands could be directly resolved [38, 39] . From the change in linewidth we estimate an exchange splitting of ∼25 meV atΓ, indicating a substantial influence of the Mn magnetic moments on the p-derived electronic states near the bottom of the conduction band.
To directly probe the location of the Mn 3d states in the valence band we carried out resonant photoemission experiments at the L 2,3 absorption edge [ Fig. 2(a) [41] and GaAs [42] , which suggests a rather local nature of the Mn states in MnBi 2 Te 4 . This is in line with the ARPES data set at hv = 79 eV in Fig. 2(c) , where the main Mn compononent in the valence band forms a weakly dispersive feature near 3.8 eV. Based on these data, an accurate theoretical treatment of the localized Mn 3d states and their hybridization with the p bands will be crucial for a comprehensive description of the electronic structure of MnBi 2 Te 4 [42] .
The band inversion in MnBi 2 Te 4 (0001) is predicted to arise from the strong spin-orbit interaction in the Bi and Te p states from which the bands near the bulk band gap are derived [11] [12] [13] . We have acquired spin-resolved ARPES data for MnBi 2 Te 4 (0001) to confirm the effect of spin-orbit interaction on the surface electronic structure [ Fig. 3 ]. The measurements were performed at hν = 20 eV and therefore mainly reflect the state S1 at energies near E F [see also Figs. S4 an S5 in the supplemental material]. As depicted in Fig. 3 (a) spinpolarized data was obtained in two experimental geometries, namely parallel and perpendicular to the plane of light inci- dence. In both cases the in-plane spin component perpendicular to the wave vector k || was probed. For both geometries the spin-resolved EDC exhibit a considerable spin-polarization. Moreover, the spin polarization reverses upon changing the sign of k || and it vanishes at k || = 0. This observed Rashbatype spin polarization remains robust also for different photon energies [ Fig. S4 ].
As the spin-resolved measurements were performed in the paramagnetic regime, the state S1 is expected to be spindegenerate. Nevertheless, also in the case of spin-degenerate bulk states and surface resonances, strong spin-orbit interaction in combination with the potential step at the surface can induce a local spin density at the surface with a Rashba-type spin polarization in momentum space [43, 44] . Due to the surface sensitivity of the photoemission process this local spin density can be reflected in the photoelectron spin polarization. The topological surface state S2 is expected to feature an intrinsic Rashba-type spin polarization [11] , which may also contribute to the observed photoelectron spin polarization. Yet, the weak spectral weight of S2 is insufficient to explain the large observed spin polarization alone [ Fig. S5 ]. We therefore attribute the observed Rashba-type spin polarization mainly to strong spin-orbit interaction in the wave function of the spin-degenerate surface resonance S1, in combination with scattering at the surface potential barrier [43, 44] . To verify the spin polarization of S2 it will be desirable to perform spin-resolved measurements over a broader photon-energy range.
In summary, our ARPES experiments reveal a complex surface electronic structure of the van der Waals antiferromagnet MnBi 2 Te 4 (0001). The results confirm the presence of a surface state in the bulk energy gap. The measurements also provide evidence for the influence of exchange interaction and spin-orbit coupling on the surface electronic structure. In this regard, our findings support the predicted topologically nontrivial nature of MnBi 2 Te 4 , in agreement with recent transport studies [45, 46] . Yet, further work will be required to reveal how the antiferromagnetic order affects the topology of the surface electronic structure and to understand the complex photoemission characteristics of the surface states in dependence of excitation energy. Our results could provide pathways to exploit the interplay of antiferromagnetism and topology in the emerging material class of van der Waals magnets [47] .
